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INTRODUCTION
There is increasing concern about the biological effects of low-dose-rate radiation. Epidemiological studies in naturally high-background-radiation areas (HBRAs) have provided opportunities to directly observe the effects of low-dose-rate radiation on human health. A number of these studies have suggested there were changes in the immune system 1) DNA repair rate 2) and chromosome aberration frequency. 3) However, the effects of low-dose-rate radiation are still controversial because many confounding factors, including lifestyle, smoking habits, and dietary habits, may have affected the results. Animal studies under controlled conditions are therefore important in order to compensate for the uncertainties of epidemiological studies. Tanaka et al. 4) have investigated the life shortening of mice after long-term (about 400 days) irradiation with γ-rays at extremely low-dose-rates in the range of 0.038-16 μGy/min, and reported that the lifespan of female mice irradiated with 0.83 μGy/min and mice of both sexes irradiated with 16 μGy/min were significantly shortened.
In order to generalize animal data to humans, a study of the mechanism of radiation effects is required. Determination of global gene expression patterns using cDNA or oligonucleotide microarrays is an effective approach to understanding the complex mechanisms of radiation effects.
Alteration of gene expression profiles in vivo after whole body irradiation of mice has been investigated by Amundson et al. 5) where they reported that only a few genes were commonly regulated in the thymus, spleen and liver following exposure to 0.2-2 Gy of γ-rays. On the basis of this observation, they concluded that gene regulation was highly tissue-specific following γ-irradiation. Markedly different gene expression responses between the kidney and the brain were also reported by Zhao et al. 6) who observed altered expression of genes related to transcription/translation and oxidation/reduction in the kidney after 10 Gy of whole-body irradiation. 6) It has been also reported that genes associated with inflammation, proliferation, metabolism, migration/ invasion, and cytoskeleton/microtubules were modulated in the kidney 10 -30 weeks after irradiation with 16 Gy of γ-rays. 7) These studies provided basic insight into the pathogenesis of late injuries of the kidney. In the brain, differential modulation of genes associated with ribosomal proteins, electron transport, and intracellular signaling involving G proteins, TGF-β, and Wnt were observed after irradiation with 20 Gy of X-rays. 8) DNA replication/repair, proliferation/apoptosis, cell cycle, and RNA processing genes were reported to be altered in bone marrow following whole-body exposure of mice to 6.5 Gy of γ-rays. 9) Other results indicate that the response of the liver to the internal exposure to α-particles is characterized by up-regulation of genes related to transcription and down-regulation of genes associated with signal transduction.
10) The irradiated liver is also suggested to be in an inflammatory state characterized by up-regulation of positive acute phase proteins. 10) Although the mouse strains and radiation doses used were not identical, these studies suggest that the genes regulated by radiation differ between tissues.
The dose-rate effect has been assessed in vitro by Sokolov et al. 11) using human normal fibroblasts irradiated with 1 Gy of γ-rays at the dose-rate of 1 Gy/min or 0.045 Gy/min. They observed that approximately one-third of genes were differentially expressed between these dose-rate conditions. Amundson et al. 12) also investigated the dose-rate effect using human myeloid leukemia cells irradiated with γ-rays in the dose-rate range of 0.0028-2.9 Gy/min. It was reported that there exist two classes of low-dose-rate responders; one was genes induced in a dose-rate dependent fashion, while the other was genes with dose-rate independent induction. Apoptosis-related genes were predominantly included in the dose-rate dependent gene group, and the majority of genes in the dose-rate independent gene group were involved in cell cycle regulation.
In contrast to the accumulating data on global gene expression in vitro after exposure to low-dose-rate radiation, few studies have been carried out in vivo. In this study, we analyzed alteration of gene expression profiles in the kidney and testis of C57BL/6J mice continuously irradiated with γ-rays at the similar dose-rates to those used by Tanaka et al. 4) for 485 days. The kidney and testis have been classified as relatively radio-sensitive organs, 13) and the likelihood of detecting effects of such low-dose-rate radiation was thought to be high in these organs. Our study is expected to provide insight into the mechanisms underlying the biological response to low-dose-rate radiation and normal tissue injuries.
MATERIALS AND METHODS

Mice and irradiation
Male specific pathogen free (SPF) C57BL/6J mice, 7 to 8 weeks of age, were obtained from an animal breeding facility (CLEA Japan, Tokyo). Mice were not littermate. We used male mice because the data from female mice are considered to be perturbed by an estradiol cycle. Irradiation with 137 Cs γ-rays was carried out in a facility at the Institute for Environmental Sciences for 485 days (22 h/day) at doserates of 0.032 μGy/min, 0.65 μGy/min, and 13 μGy/min. The total dose after irradiation at these dose-rates was 21 mGy, 420 mGy, and 8000 mGy, respectively. Dosimetry and maintenance of the mice were carried out in the same manner as described in Tanaka et al.. 4) We examined 12 mice (3 per each dose-rate condition, including the control). The number of mice per dose-rate condition (n = 3) was chosen because this is the minimum sample size needed for statistical analysis. Each mouse was subjected to dissection, during which it was observed that the gross appearance was normal without organ hypertrophy, neoplasia, and/or hair loss. All experiments were conducted according to Japanese legal regulations and followed the Guidelines for Animal Experiments of the Institute for Environmental Sciences.
Preparation of RNA and hybridization
Mice were euthanized immediately after the termination of irradiation, and the kidney and testis were removed and stored at -80°C in RNAlater (Ambion; Aplied Biosystems, Foster City, CA). Total RNA was extracted using an RNeasy Mini Kit and RNase-Free DNase Set (Qiagen, Valencia, CA). The quality of total RNA samples was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). From each sample, 150 ng of the total RNA was labeled using an Illumina RNA Amplification Kit (Ambion; Aplied Biosystems, Foster City, CA). A total of 1.5 μg of biotin-labeled cRNA was hybridized for 18 h to the microarray (Sentrix Mouse-6 v1.0 Expression BeadChips, Illumina, San Diego, CA). RNA samples from each mouse were not pooled but instead hybridized to the array separately. The hybridized, biotinylated cRNA was detected with StreptavidinCy3 (GE, Fairfield, CT) and quantitated using a BeadStation 500GX-WG Systems scanner (Illumina). Sentrix Mouse-6 v1.0 Expression BeadChips are constructed from small beads coated with 46,000 species of oligonucleotide probes. The beads are so densely arrayed on the surface of the silicon substrate that the signal from one gene is measured 
Data Analysis
The microarray data were analyzed using GeneSpring 7.3.1 (Agilent Technologies, Santa Clara, CA). Gene expression data were normalized in two ways: "per chip normalization" and "per gene normalization". For "per chip normalization," all expression data on an array were normalized to the 50th percentile of all values on that array. For "per gene normalization," the data for a given gene were normalized to the median expression level of that gene across all samples. Quality control of the data was performed as schematically represented in Fig. 1A . A whole sample showing an anomalous distribution of signal intensity was excluded from the analysis. Figure 1B shows the distribution of the normalized signal intensity obtained from the kidney gene analysis. It can be seen that one of the samples in the 0.032 μGy/min group, designated by an asterisk (*), exhibited a distinct distribution of normalized signal intensities compared to those of other samples for an unknown reason. This sample was simply excluded from this study. Next, data containing large statistical errors and/or interindividual differences were excluded from the analysis. For this purpose, we used the "detection score," which is a statistical measure computed based on the Z-value of a gene relative to the Z-value of the negative controls. 14) In our analysis, the genes whose detection score was less than 0.99 either for 2 samples out of 3 in the unirradiated control group, or for 6 samples out of 8 in the irradiated group, were excluded. In addition, genes were excluded for which the standard deviation within each of the groups (unirradiated, and irradiated at 0.032 μGy/min, 0.65 μGy/min, and 13 μGy/min) exceeded approximately 10% of the mean value. As a result, 4061 and 7893 genes, out of 46000 transcripts contained on the array, remained in the analyses of kidneys and testes, respectively. Figure 1C shows scatter plots of signal intensity in two of the kidney samples from the unirradiated group before quality control (a) and after removal of outlier data (b). It can be seen that quality control was appropriately conducted, and that fluctuations due to statistical errors and/or inter-individual differences of the remaining genes were reduced, with the relative ratios generally being less than 1.3. In the present study, we defined genes whose expression level was changed by more than 1.6-fold after irradiation as "profoundly modulated genes", and their function was analyzed by using the Pathway analysis tool of GeneSpring 7.3.1.
In addition to analyzing the profoundly modulated genes, we also took another approach to analyze 4061 and 7893 genes and examined genes that had a statistically significant change in expression level after irradiation. The "significantly modulated genes" were selected from the quality-controlled genes described above by using Welch's ANOVA (analysis of variance) with a p-value cut-off of 0.05. Hierarchical cluster analysis in GeneSpring 7.3.1 was used to identify genes with similar expression patterns to reveal the common functions of the modulated genes. False positive genes, which are expected to be included, were assumed not to have a large Fig. 1 . Quality control of microarray data. A: Schematic representation of overall procedure for quality control of the microarray data. B: Distributions of normalized signal intensity from 12 arrays, including 3 replicates from each of 4 irradiation conditions. An asterisk (*) indicates an apparently distinct distribution of signal intensities compared to those of other samples. This sample was simply excluded from subsequent analyses. C: Scatter plots of signal intensities (raw data) between 2 of the 3 control mice are shown for 46000 genes (a), and for the 4061 genes that remained after removal of outlier data (b). Lines representing a 1.6-fold difference are drawn to show that fluctuations were reduced with a relative ratio of mostly less than 1.3 after removal of outlier data.
affect on the analysis of the common function of radiationmodulated gene groups.
Validation of the microarray data
Real-time PCR was performed using the same RNA samples used in microarray analyses. RNA was reversetranscribed using SuperScript II Reverse Transcriptase and an oligo dT primer (Invitrogen Japan K.K., Tokyo). PCR was performed using the Mx3000p real-time PCR system (Stratagene, La Jolla, CA) with Brilliant SYBR Green QPCR Master Mix (Stratagene). Heat activation was carried out at 95°C for 10 min, followed by PCR cycles of denaturation at 95°C for 30 sec, primer annealing at 60°C for 1 min, and primer extension at 72°C for 1 min. The primers used were: for Ndufb9,
The primers for Vdac3 were purchased from SuperArray Bioscience (Frederick, MD).
Northern blot analysis was carried out as described previously. 16) Briefly, approximately 1 μg of the total RNA was electrophoresed on a standard 1.2% formaldehyde agarose gel and blotted onto a nylon membrane GeneScreen (PerkinElmer Japan, Co., Ltd., Yokohama, Japan). Membranes were hybridized with randomly-primed probes specific to the Ndufv2 and GAPDH cDNA. The hybridization signal intensity was measured by a BAS1800 Bio-Imaging Analyzer (FUJI FILM Corporation, Tokyo).
RESULTS
Pathway analysis of genes exhibiting profoundly modulated expression in kidneys after continuous low-doserate irradiation
As the fluctuations in the signal intensity due to statistical errors and inter-individual differences were generally less than 1.3, we here defined those genes in which the expression level was changed by more than 1.6-fold after irradiation as "profoundly modulated genes" (see Materials and Methods). A total of 50 genes were identified as "profoundly modulated" ( Table 1) . Validation of the microarray data was performed by checking the expression level of some of these genes using real-time PCR or northern hybridization ( Fig. 2A) . Although the fold-change after irradiation was generally small compared to the microarray results, up-regulation of Ndufb9, Ndufv2 and Lamp2 after 0.65 μGy/min and 13 μGy/min, up-regulation of Commd1 after 13 μGy/min, down-regulation of Hspa8 after 0.032 μGy/min, and down-regulation of 3010027A04Rik after 13 μGy/min were confirmed. It should be noted that Hspa8 were significantly (t < 0.05) responsive to radiation at a doserate as low as 20-times above the typical level of natural background radiation. As shown in the Venn diagram in Fig. 2C , five genes were identified at two different dose-rate conditions: A630033E08Rik (0.032 μGy/min and 0.65 μGy/min); and Lamp2, Ndufb9, Esd, and 2410003B16Rik (0.65 μGy/min and 13 μGy/min). Lamp2 is a lysosome-associated membrane protein involved in lysosome biogenesis and autophagy, Ndufb9 is a subunit of a protein complex, located in the mitochondrial inner membrane, that forms a part of the mitochondrial respiratory chain, while Esd is a formylglutathione hydrolase involved in glutathione-dependent formaldehyde oxidation II, and 2410003B16Rik is a cytoskeletal associated protein. These genes are considered to be highly sensitive to low-dose-rate radiation. After irradiation at dose-rates of 0.032 μGy/min, 0.65 μGy/min, 13 μGy/min, 1, 18 and 14 genes were upregulated, and 4, 3 and 15 genes were down-regulated, respectively. All primary microarray data are available at the site of GEO (http://www.ncbi.nlm.nih.gov/geo) (data No. GSE14290).
By examining the physiological role of each of the profoundly modulated genes, four genes (Uqcrb, Ndufb9, Ndufv2, and Atp5k) out of 50 were found to be involved in a common pathway of mitochondrial oxidative phosphorylation.
Hierarchical cluster analysis of genes exhibiting significantly modulated expression in kidneys after continuous low-dose-rate irradiation
Modulation of multiple genes involved in a common biological process may cause an obvious phenotype, even if the modulation of each gene is small. Therefore, we examined genes that had a statistically significant change in expression after low-dose-rate radiation, regardless of their fold-change. These genes, defined as "significantly modulated genes" in this study (see Materials and Methods), were selected using Welch's ANOVA with a p-value cut-off of 0.05. The resulting 621 genes were classified into 16 clusters based on expression patterns after hierarchical cluster analysis. As shown in Figs. 3A and 3B, the genes belonging to the cluster C1 were the most abundant and exhibited increased expression in a dose-rate-dependent manner. In order to assess the biological interpretation of the gene clusters, we searched for Gene Ontology categories that contained a large number of genes from each of the gene clusters. As shown in Fig. 3C , it was found that there was a statistically significant overlap (Fisher's Exact Test, p < 0.05) between cluster C1 and the Gene Ontology categories "cytoplasm", "mitochondrion", "mitochondrion organization and biogenesis", "energy pathways", "organelle organization and biogenesis", "cell organization and biogenesis", "cytoplasm organization and biogenesis", and "transferase". It is noteworthy that the Gene Ontology categories of "mitochondrion", "mitochondrion organization (A) genes whose expression was modulated more than 1.6-fold after irradiation with the dose-rate of 0.032 μGy/mim. (B) genes whose expression was modulated more than 1.6-fold after irradiation with the dose-rate of 0.65 μGy/min. (C) genes whose expression was modulated more than 1.6-fold after irradiation with the dose-rate of 13 μGy/min. and biogenesis", and "energy pathways" were found. Thus, in accord with the analysis of profoundly modulated genes, it suggests that genes associated with mitochondrial oxidative phosphorylation are modulated by low-dose-rate irradiation, particularly at 0.65 μGy/min and 13 μGy/min. It is interesting to note that the clusters C10 and C13 are also significantly similar to the Gene Ontology categories of "mitochondrion" and "mitochondrion organization and biogenesis". The genes in these clusters were commonly down-regulated after irradiation at the dose-rate of 0.65 μGy/min. A particular mitochondrial response may have occurred in a limited dose-rate range that includes 0.65 μGy/min.
Comparison of response to low-dose-rate radiation between kidneys and testes
In order to assess the tissue-specificity of alteration of gene expression profiles, we performed another microarray analysis using the testes from the same mice used for the kidney study. A total of 110 genes were identified to be profoundly modulated ( Table 2) . Validation of the microarray data was performed by checking modulation of Vdac3 expression after 0.65 μGy/min and 13 μGy/min by real-time PCR (Fig. 2B) . As shown in the Venn diagram in Fig. 2D , seven genes were identified in two different conditions: Jam2 (0.032 μGy/min and 13 μGy/min); 1700012M14Rik, Vdac3, 1110005A23Rik, Hook1, LOC380730, Speer6-ps1 (0.65 μGy/min and 13 μGy/min). Jam2 is a junction adhesion molecule that is localized to the tight junctions between high endothelial cells, 1700012M14Rik is an ankyrin repeat domain-containing protein that presumably plays a role in spermatogenesis, Vdac3 is one of the mitochondrial membrane channels involved in translocation of adenine nucleotides through the outer membrane, 1110005A23Rik is a cytokine-induced protein that plays a role in regulation of growth and nucleic acids metabolism, and Hook1 is a member of the hook family of coiled-coil proteins, which interacts with several members of the Rab GTPase family involved in endocytosis. After irradiation at dose-rates of 0.032 μGy/min, 0.65 μGy/min, 13 μGy/min, 1, 31 and 41 genes were up-regulated, and 25, 10 and 9 genes were downregulated, respectively.
When the lists of profoundly modulated genes were compared between the kidney and testis, we found only two genes that were modulated in both these organs, as shown in Fig. 4 . In addition, the direction of the modulation of Hspa8 was opposite in the two tissues. Specifically, there was down-regulation in the kidney but up-regulation in the testis. It should be concluded that gene modulation after low-dose-rate irradiation is not similar between the kidney and testis.
The hierarchical cluster analysis was performed again as shown in Fig. 5A and 5B. It appears that the expression of genes belonging to the clusters C1 and C2 increased with increase in dose-rates. The Gene Ontology categories that showed a statistically significant overlap with these clusters are listed in Fig. 5C . Mitochondrion-related categories were not found to overlap cluster C1 or C2. Only one Gene Ontology category, "organelle organization and biogenesis," showed a statistically significant overlap with clusters C1 and C2 and with cluster C1 in the kidney (Fig. 3C) . Taken together, alteration of the gene expression profile after lowdose-rate irradiation was different between kidneys and testes. It is interesting to note that the Gene Ontology categories "DNA metabolism", "response to DNA damage" and "DNA replication" were significantly similar to the clusters C9 and C10 in Fig. 5 , which contain genes whose expression was decreased in the testes with an increase in the dose-rate. This observation suggests that cells in testes respond to lowdose-rate radiation by shifting down general DNA metabolism as well as DNA repair activity. (A) genes whose expression was modulated more than 1.6-fold after irradiation with the dose-rate of 0.032 μGy/mim. (B) genes whose expression was modulated more than 1.6-fold after irradiation with the dose-rate of 0.65 μGy/min. (C) genes whose expression was modulated more than 1.6-fold after irradiation with the dose-rate of 13 μGy/min.
DISCUSSION
In the present study, the gene expression profiles of the kidneys and testes of mice were analyzed by a oligonucleotide microarray after long-term irradiation with low-dose-rate γ-rays. The data suggest the expression of genes involved in mitochondrial oxidative phosphorylation is up-regulated in the kidney after irradiation at the dose-rates of 0.65 μGy/min and 13 μGy/min. Zhao et al. 6) observed that the expression of a large number of genes regulating intracellular oxidation/ reduction status was changed in the kidney after acute whole-body irradiation of mice with 10 Gy of γ-rays. Thus, it is likely that the redox condition in the kidney is modulated after irradiation with γ-rays over a broad range of dose-rates. In addition, specific induction of genes involved in oxidative phosphorylation and the ATP synthesis process was reported after continuous exposure of S. cerevisiae to 32 P-emitted β-particles at dose-rates of 1.6-330 μGy/min. 23) In light of this apparent agreement between our results and those of the yeast study, the mitochondrial respiratory chain may be responsive to low-dose-rate radiation in a variety of eukaryotes. Due to elevated mitochondrial respiratory activity, the kidneys of mice irradiated at these dose-rates may undergo oxidative stresses. It is noteworthy that intracellular redox status has been suggested to also be modulated in the liver. The level of the protein rhodanese, which is thought to be involved in antioxidative regulation, was increased in the liver after continuous irradiation (485 days) of mice at dose rates of 0.65 μGy/min or 13 μGy/min.
22)
The kidney is a radiosensitive organ and its tolerance of radiation is often a limiting factor in clinical radiotherapy. Tubular epithelial cell damage and cell loss after exposure to high doses of radiation, as well as glomerulosclerosis after low-dose irradiation, are the predominant histological features of radiation-induced nephropathy. 24) Accumulating data suggest that the pathogenesis of radiation nephropathy involves dynamic interaction between multiple cell types in the kidney. 25) Reactive oxygen species (ROS) and angiotensin II have been suggested to mediate this interaction. [26] [27] [28] As pointed out above, redox status in the kidney is likely to be modulated following exposure to radiation regardless of the dose-rate. If ROS play a critical role in the pathogenesis of radiation nephropathy, our results may suggest that there is a risk of nephropathy after exposure to low-dose-rate radiation.
Zhao et al. 6) reported that several cell cycle-related genes are up-regulated in the kidney after acute whole-body irradiation with 10 Gy of γ-rays. However, we observed no cell cycle-related genes that were profoundly modulated even after irradiation with a total dose of 8 Gy (13 μGy/min), and we did not observe any gene clusters of significantly modulated genes in the kidney that overlapped significantly with the Gene Ontology category "cell cycle" (Fig. 3C) . This result suggests that modulation of the cell cycle-related genes in vivo following exposure to radiation may have a dose-rate threshold.
We have demonstrated that alteration of the gene expression profile in the testis was largely different from that of the kidney. The examination of profoundly altered genes showed that 110 genes were altered in testes compared to 50 genes in kidneys. There were only two genes commonly modulated in both these organs, and the direction of modulation for one of these genes (Hspa8) was opposite in the two organs. A difference in gene expression modulation between the kidney and testis was also shown by the hierarchical clustering analysis. This result agrees with the observations made by Amundson et al. 5) and Zhao et al. 6) that cellular responses to radiation are highly tissue-specific. In the testis, cells have been suggested to respond to lowdose-rate radiation by up-regulating genes associated with responses to heat/temperature. Genes related to DNA repair have also been found to be repressed in the testis. It seems as if cells in testes damaged by low-dose-rate radiation will not repair the damage with high efficiency. However, it should be noted that RNA was extracted from the whole organ, which consists of a heterogeneous cell population. Therefore, any observation of modulation of gene expression would reflect changes in the major cell population. Evaluation of gene expression in a small number of parenchymal cells, which are responsible for genetic effects, remains to be performed.
